Oxytocin receptor (OTR) plays critical roles in social behavior development. Despite its 23 significance, brain-wide quantitative understanding of OTR expression remains limited in 24 postnatally developing brains. Here, we validated and utilized fluorescent reporter mice 25 (OTR venus/+ ) to examine OTR cells across postnatal periods. We developed postnatal 3D template 26 brains to register whole brain images with cellular resolution to systematically quantify OTR cell 27 densities. We found that cortical regions showed temporally and spatially heterogeneous patterns 28 with transient postnatal OTR expression without cell death. Cortical OTR cells were largely not 29 GABAergic neurons with the exception of cells in layer 6b. Subcortical regions showed similar 30 temporal regulation except the hypothalamus. Moreover, our unbiased approach identified two 31 hypothalamic nuclei with sexually dimorphic OTR expression. Lastly, we created a website to 32 easily share our imaging data. In summary, we provide comprehensive quantitative data to 33 understand postnatal OTR expression in the mouse brain. 34 35 36
Introduction
Developmental expression pattern of OTR neurons in the isocortex (neocortex) 133 To examine regional and temporal heterogeneity of OTR expression, we imaged OTR-Venus 134 mice at five different postnatal days (P7, 14, 21, 28 and 56, N = 5 males and 5 females per age). 135 First, we examined OTR expression in the isocortex (Figure 3 , Movie S1-5). Our data showed 136 that overall cortical OTR density reaches its peak at P21 and decreases into adulthood (the red 137 line in Figure 3B ). We also noticed spatially heterogeneous expression in different cortical areas 138 ( Figure 3B ). For example, the anterior cingulate and the retrosplenial cortex, parts of the medial 139 association area, showed low OTR density, while the visual and lateral association areas (e.g., 140 the temporal association area) showed higher OTR density ( Figure 3B ). Mapping data also 141 revealed temporally heterogeneous patterns. For example, the somatosensory area reached its 142 near peak expression at P14 (bottom panel in Figure 3A ; black line in 3B) while the visual area 143 showed rapid increases up to P21 (top panel in Figure 3A ; blue line in 3B). To further visualize 144 the temporally and spatially heterogeneous OTR expression patterns more intuitively, we used 145 cortical flatmaps throughout the developing brain 23 . Cortical flatmaps are digitally flattened 2D 146 maps of 3D cortical areas that use evenly spaced bins as a spatial unit to quantify and to display 147 detected signals 23 . The cortical flatmap clearly highlighted regional differences in OTR 148 developmental expression with early expression in visual, medial prefrontal, and lateral 149 association area as early as P7 ( Figure 3C ). In contrast, somatosensory regions showed little 150 OTR expression at P7 with a rapid increase in OTR density at P14 (the yellow arrow in the 151 Figure 3C ). By P21, regional heterogeneity attained an adult-like pattern although adults showed 152 lower OTR density overall ( Figure 3C ). Interestingly, the medial prefrontal cortex (mPFC) 153 showed a less dramatic decrease in OTR density as mice progressed to adulthood when 154 compared to other cortical regions, which matches previous results reporting robust OTR 155 expression in the adult mPFC 14, 27 (the green line in the Figure 3B , the green arrow in 3C). 156 We also noticed higher OTR density in the superficial cortical layers (Layer 1 -3) compared to ). We found that OTR in the superficial layer appears earlier and peaks earlier (at around P14) 161 8 than the deep layers. The superficial layers also show a more pronounced reduction in adulthood 162 compared to the deep layer ( Figure S3 ). At P14, the superficial layer expression patterns of the 163 somatosensory cortex are well-matched with previous OTR autoradiography and mRNA in situ 164 data (green arrow in Figure S3A ) 6,10 . Moreover, relative OTR expression in different cortical 165 layers across postnatal periods clearly showed that OTR expression is predominantly found in 166 the superficial layers at P7 and P14 but shifts to similar or even relatively greater density in the 167 deep layer. This pattern is largely driven by the transient OTR expression in the superficial layers 168 ( Figure S3C ).
169
Collectively, these data suggest that developmental OTR expressions differ quantitatively in 170 different cortical areas and even different layers within the same cortical region.
172
Receptor down-regulation is the main mechanism of postnatal OTR reduction 173 Reduction of OTR expressing cells in the adult isocortex can be explained by either receptor Table 1 ). Interestingly, a previous study showed that these deep layer OTR positive neurons are 205 mostly long-range projecting somatostatin neurons 31 . There was no noticeable difference of 206 OTR neuronal subtype composition in the isocortex between P21 and P56 (Table 1) .
208
Developmental expression of OTR neurons in subcortical brain regions 209 Kinetics of neural circuit maturation vary significantly between different brain regions 32 . Since 210 OTR is widely expressed in different brain regions outside of the cortex, we sought to find 211 whether these brain regions undergo similar expression trajectory to the isocortex in postnatally 212 developing brains. We first examined ten large brain regions (the olfactory area, the hippocampal 213 area, the striatum, the pallidum, the cerebellum, the thalamus, the hypothalamus, the midbrain, 214 the pons, and the medulla) based on the Allen Brain Atlas ontology 22 . The olfactory areas 215 express OTR at the highest levels (Purple line in Figure 6A , Movie S1-5) as exemplified by a 216 very high OTR density in the anterior olfactory nucleus ( Figure 6B ). In contrast, the cerebellum 217 and the thalamus showed the lowest OTR densities (grey and yellow lines in Figure 6A , 218 respectively) with a few noticeable exceptions including relatively high expression in the 219 paraventricular thalamus ( Figure 6E ). There are also several noticeable subcortical areas with 220 10 strong expression including the magnocelluar nucleus (also called "magnocellular preoptic 221 area"), a part of the basal forebrain area ( Figure 6C ). We also observed prominent expression in 222 specific hippocampal areas including the subiculum ( Figure 6F ). All areas except the 223 hypothalamus reached their peak OTR densities at P21 with slight decrease in adulthood ( Figure   224 6A). Interestingly, we observed continued increase of OTR in many hypothalamic nuclei until 225 adulthood including the ventral medial hypothalamus ventral lateral, which matched previous 226 OTR binding assays in rats 33 ( Figure 6A , D). A detailed list of OTR cell density across all brain 227 regions at different ages can be found in Table S1 . 
Sexual dimorphism of OTR expression

230
OTR is expressed in a sexually dimorphic manner as a part of neural circuit mechanism to 231 generate behavioral differences in males and females 34, 35 . Therefore, we examined OTR-Venus 232 mice (N=5 in each male and female brains at different ages) to determine if there were any 233 regions showing strong sexual dimorphism. Across the entire brain region throughout the 234 postnatal development, we found significant sexual dimorphism in two hypothalamic regions 235 ( Figure 7 ). The ventral premammillary nucleus showed significantly higher OTR expression in 236 males compared to females between P14 and P56 ( Figure 7A ). In contrast, the anteroventral 237 periventricular nucleus (AVPV) near the medial preoptic area showed higher OTR expression in 238 females than males at P56, but not before ( Figure 7B ). A recent study identified abundant 239 estrogen-dependent OTR expressing cells in the AVPV, co-expressing estrogen receptor in 240 female mice 36 . This result suggests a potential role of OTR in sexual behavior [36] [37] [38] .
242
Web based resource sharing 243 Our high-resolution whole brain OTR expression dataset can serve as a resource for future 244 studies examining how OTR regulates different neural circuits in postnatal development and 245 adulthood. Moreover, our newly generated postnatal template brains can be used to map signals 246 from different studies in the same spatial framework. To facilitate this effort, we created a 247 website (http://kimlab.io/brain-map/OTR) to share our imaging data and other data resources 248 from the current study. Data included in this paper can be easily visualized and downloaded from 249 11 different web browsers including mobile devices. We highly encourage readers to explore this 250 whole brain dataset on our website to investigate OTR expression in their regions of interest. Here, we provide highly quantitative brain-wide maps of OTR expression in mice during the 253 early postnatal developmental period and adulthood. We established new mouse brain templates 254 at different postnatal ages and applied our dqBrain method to image and quantify fluorescently 255 labeled signals at cellular resolution in postnatally developing brains 23 . We found spatially and 256 temporally heterogeneous developmental OTR expression patterns in different brain regions. 
268
We chose to use OTR-Venus mice to examine the whole brain OTR expression patterns 269 throughout postnatal developmental periods after confirming that this reporter line provides a 270 faithful representation of endogenous OTR expression using fluorescent in situ hybridization.
271
The OTR-Venus expression patterns described here largely agree with previous histological 272 studies focused on selected brain regions and/or ages 6,7,21,33,40,44-47 . With its rapid protein Second, we found that most subcortical regions also show their peak OTR expression at P21 296 followed by reduction into adulthood. This pattern agrees with previous observations that adult 297 OTR patterns are established around three weeks postnatal age in mice 7 . In contrast, the 298 hypothalamic area showed a continuous increase into adulthood with sexually dimorphic 299 expression of OTR in the PMv and AVPV, parts of the hypothalamic behavioral control column 300 that generates sexually motivated behavior 38 . This suggests that OTR in hypothalamic nuclei 301 plays a role in generating sex-specific behavior during sexual maturation 36,40,57 .
302
From a technical point of view, our dqBrain method is a significant departure from previous sharing has proven to be useful in disseminating hard-earned anatomical data to the larger 314 scientific community 61,62 . In summary, we envision that our data will guide future circuit based 315 investigation to understand the mechanism of oxytocin signaling in relationship with different 316 behavioral studies in postnatally developing and adult brains. 970nm to image OTR-eGFP and OTR Venus/+ mice, respectively. We acquired images at 1 µm (x 341 and y) resolution in every 50 µm z section throughout the entire brain. For image registration to 342 reference template brains, we used Elastix to register brains to age-matched reference template 343 brains using 3D affine transformation with 4 resolution level, followed by a 3D B-spline 344 transformation with 6 resolution level 23 . We used a machine learning algorithm to detect 345 fluorescently marked cells in serially collected 2D images. To convert the 2D counting to 3D 346 counting, 2D cell counting numbers were multiplied by a 3D conversion factor (1.4) to estimate 347 the total numbers of cells in each anatomical volume based on our previous calculation with 348 cytoplasmic signals 23 . To calculate the volume of each brain region, we registered age-matched 349 template brains to each brain sample using Elastix. Then, voxel numbers of each anatomical (Table S1 ). All custom built codes were included in the previous x 50 µm (x,y,z) voxel resolution. We picked the best-imaged brain with good right-left 374 hemisphere symmetry (designated as a "template brain") at each age and performed image 375 registration using Elastix to register different age-matched brains to the template brain. Then, we 376 averaged the transformed brains after the image registration to generate the averaged template 377 brain at each age ( Figure S2 ). We used either red or green channel images, or both from the same 378 mouse acquired from the STPT imaging. To establish anatomical labels in averaged template 379 brains, we used the image registration method to transform the adult atlas with anatomical labels 380 to fit template brains at different ages. We used the common coordinate framework (CCF) brain 381 and labels from Allen Institute for Brain Science as our initial atlas platform. Direct registration 382 from the adult brain to averaged brains at each postnatal age worked well until the P14 brain due 383 to similarities in postnatal brain morphologies, but not for P7 brains due to more embryonic 384 brain-like shape. To circumvent this issue, we registered the adult CCF to the P14 template brain 385 first, then the transformed CCF fit to the P14 brain was registered again to P7 ( Figure S2 ). This 386 sequential registration worked because the morphological differences between P7 and P14 were 387 fewer than compared to those between P7 and the adult brain.
389
Cortical Flatmap 390 We previously generated evenly spaced cortical bins to generate a cortical flatmap in an adult 391 reference brain and devised a method to map detected signal in the flatmap 23 . Here, we further 392 generated superficial and deep layer cortical flatmaps. First, we created a binary file with layer 1 393 -3 for superficial and layer 5 -6 for deep layer across the entire isocortex. Second, we used the 394 binary filter to remove unwanted cortical areas from the existing isocortical flatmap in order to 395 create layer specific cortical flatmap. To quantify signals on flatmaps, we registered all samples 396 to the reference brain with cortical area bins using Elastix and quantified target signals in each 397 cortical bin as described in the STPT related data analysis above. We also performed reverse 398 image registration to warp the adult reference brain to postnatal template brains in order to 399 calculate the area of cortical bins at different ages. Then, we calculated densities in each cortical 400 bin based on number of cells and area measurement in each bin. Lastly, the density was plotted 401 in the cortical flatmap using Excel (Microsoft) and Adobe illustrator as described before 23 . Mice were deeply anesthetized using intraperitoneal injection of anesthesia (100 mg/kg ketamine 405 mixed with 10 mg/kg xylazine). Then, the animal was decapitated with scissors, and the brain 406 was immediately dissected out and immersed in Optimal Cutting Temperature (OCT) media 407 (Tissue-Tek). The immersed brain was quickly frozen using dry ice chilled 2-methylbutane. The 408 frozen brain was stored at -80°C until used. A cryostat was used to collect coronal brain sections 409 at 10µm thickness. Sections were stored at -80°C, and in situ hybridization was performed within 410 two weeks of sectioning. We used RNAScope detection kits (ACDBio) to detect and to quantify 411 target mRNA at single-molecule resolution. We followed the manufacturer's protocols with the 412 exception that protease III (ACDbio, cat. no. 322340) was applied to tissue for 20 minutes. were transcardially perfused with 0.9% NaCl saline followed by 4% PFA. Whole heads were 422 removed and post-fixed in the same fixative at 4°C for 3 days. Then, the brain was dissected out 423 and sunk down in 30% sucrose in 1x PBS (pH7.4) solution at 4°C for cryoprotection.
424
Cryoprotected brains were then frozen on dry ice and stored at -20°C until sectioning. 30 µm 425 thick coronal sections were obtained using a freezing microtome (Leica). Sections were stored in 568, ThermoFisher, cat.no. A10037, diluted 1:500) for 1hr at room temperature. Three washes 435 were performed in 0.05M phosphate buffer prior to mounting slices with vectashield mounting 436 media (vector laboratories, cat.no. H-1500-10).
438
Microscopic imaging and quantification: 439 For both RNA in situ and immunostaining, BZ-X700 fluorescence microscope (Keyence) was 440 used to image large areas using 20x objective lens with 2D image tile stitching. The sectioning 441 function provided a deconvolution mechanism to capture sharply focused images. Images with 442 large field of view were exported as Tiff files using the BZ-X analyzer software (Keyence).
443
Image evaluation and cell counting was performed manually using the cell counter plug-in in 444 FIJI (ImageJ, NIH) 64 . All cell counting was done blindly by two independent experts. For the 445 Venus and OTR colocalization in Figure 1J , Venus with more than 4 puncta from the RNA in 
